We performed low-noise broadband microstrip ferromagnetic resonance (FMR) measurements of the resonant modes of an array of metallic ferromagnetic nanostripes. In addition to a strong signal of the fundamental mode, we observed up to five weak-amplitude peaks in the field-resolved FMR traces, depending on the frequency. These higher-order absorption peaks have been theoretically identified as due to resonant excitation of odd and even standing spin waves across the direction of confinement in array plane (i.e., across the stripe width). The theory we developed suggests that the odd modes become excited in the spatially uniform microwave field of the FMR setup due to the large conductivity of metals. This promotes excitation of large-amplitude eddy currents in the sample by the incident microwave magnetic field and ultimately results in excitation of these modes. Following this theory, we found that the eddy current contribution is present only for patterned materials and when the microwave magnetic field is incident on one surface of sample surface, as it is in the case of a microstrip FMR. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Ferromagnetic resonance (FMR) is a powerful tool for studying dynamic properties of metallic ferromagnetic thin films and nanostructures (see, e.g., Refs. 1-16). These materials are important for the emerging fields of magnonics 17 and microwave spintronics. [18] [19] [20] High microwave electric conductivity of metals is important for many spintronic effects, for instance, for the Doppler frequency shift of spin waves 21 and for spin pumping. 22 Recently, it has been shown theoretically 23 and experimentally 1 that spin pumping may contribute to the resonance linewidth of in-plane standing spin wave (SSW) resonances in in-plane nano-confined geometries.
In addition to the spintronic effects, the conduction currents flowing in a sample result in a trivial effect of microwave Oersted field in it. This may strongly mask the spintronic effects in the experiment, as has been recently shown for the case of the measurements of the Doppler frequency shift for spin waves induced by a dc current flowing in a microscopic stripe made from a ferromagnetic metal. 24 Thus, understanding of the Oersted-field contribution to the magnetisation dynamics is very important for correct interpretation of experiments involving highly conducting materials.
Furthermore, microwave eddy currents are excited in metallic ferromagnetic films, when the films are exposed to a microwave magnetic field of a ferromagnetic resonance setup. These currents induce a microwave Oersted field, which may lead to the perfect microwave shielding effect under proper experimental conditions, for metallic films with sub-skindepth thicknesses 25 and result in very strong excitation of higher-order SSW modes across the film thickness.
26-31
The microstrip or coplanar-line based FMR creates the ideal conditions for observation of the consequences of the perfect microwave shielding. The effect is somewhat similar to the direct injection of microwave currents into the planar sample. [32] [33] [34] In the latter case, a thickness-uniform microwave current across the sample thickness creates a microwave Oersted field whose profile is anti-symmetric in that direction. This field efficiently couples to standing spin wave resonances whose profiles are anti-symmetric across the thickness of the material.
In addition to SSW across the material thickness, 10 nanopatterned geometries support SSW in the direction of confinement in the sample plane. 35 In this paper, we take very-lownoise ferromagnetic resonance measurements on a periodic array of Ni 80 Fe 20 (Permalloy) nanostripes. We observe a number of higher-order absorption peaks which correspond to excitation of both symmetric and anti-symmetric standing spin waves in the sample plane. The amplitudes of the anti-symmetric modes are unexpectedly strong: they are very close to those of the symmetric ones. To explain these amplitudes, we perform calculation which confirms that the non-vanishing amplitudes of these modes are due to excitation of eddy currents in the sample. The theory shows that the amplitudes are non-zero because of the in-plane confinement. The confinement modifies the structure of the eddy-current field and creates a component of the driving microwave magnetic field which efficiently couples to the anti-symmetric resonances.
II. EXPERIMENT
A periodic array of permalloy nanostripes of length 4 mm was fabricated at the National University of Singapore. It was defined in a 240 nm thick deep ultraviolet lithography resist on top of a 60-nm bottom anti-reflection coating on silicon substrates. To create the stripes, a 25 nmthick permalloy film was deposited on a substrate having a photoresist pattern on it. 36 We used an electron beam deposition system. The base pressure during the deposition was 4 Â 10 À8 Torr at the deposition rate was 0.2 Å /s. A lift-off process followed the deposition of the metal. The fabricated stripes have the width w ¼ 300 nm. The edge to-edge separation of the neighboring nano-elements is d ¼ 115 nm. A continuous (unpatterned) reference permalloy film with the same thickness L ¼ 25 nm was also deposited and used for determining the permalloy magnetic parameters. FMR data taken on it show that its saturation magnetization 4pM ¼ 8700 G and gyromagnetic ratio g ¼ 2.1.
Broadband FMR measurements have been taken at the University of Western Australia applying the static magnetic field along the stripe length (i.e., along the 4 mm size, which is the y-direction in Fig. 1 ). The sample was placed on top of a 0.3 mm-wide microstripe line which runs in the z-direction in Fig. 1 and the amplitude of the microwave signal transmitted through the line was measured. (This configuration is shown in Fig. 1 upside down. ) Nano-structuring of magnetic films strongly reduces the amplitude of the FMR response. It becomes comparable with or fall below the noise level. This makes observation of higher-order resonance modes difficult. In order to increase the number of the higher-order modes seen in the FMR absorption spectra on top of the noise level, we used the field modulation method in combination with a high-sensitivity FMR receiver. 37 In the field-modulation FMR, an extra small-amplitude ac (220 Hz) magnetic field is applied parallel to the static field and a lock-in amplifier is used to detect the rectified signal from the output of the FMR setup. The lock-in is locked to the field modulation frequency. It enables synchronous demodulation of the signal from the setup output.
In this case, the registered FMR signal takes the form of the first derivative of the Lorentzian curve with respect to the parameter which is swept to register the absorption traces ("differential absorption"). We take measurements appliedfield resolved, when the applied magnetic field H a is swept while keeping the frequency of the microwave signal applied to the sample constant. Sweeping the applied field strongly reduces the number of artifacts seen in the raw FMR absorption spectra.
On top of all these measures, we employed a highsensitivity custom-designed microwave receiver. The noise level of the receiver is at least two orders of magnitude smaller than in the standard approach of direct detection of the output signal of the microstrip line with a diode. 3, 10 This makes a significant number of higher-order modes of standing spin waves across the stripe width easily observable even for such a small stripe thickness.
The results of our measurements are shown in Fig. 2 for a number of frequencies. The first higher-order mode emerges from the zero field above 10 GHz, therefore the FIG. 1. Sketch of the measurement configuration. 1 is the experimental sample. It has the form of an array of nanostripes formed on a Silicon substrate. 2 is the microstrip line used to take the FMR spectra. H denotes the static magnetic field applied along the stripes. Note that the nanostripes are shown not to the scale; their actual width is 300 nm and the width of the microstrip line is 0.3 mm. For the convenience of the theoretical treatment in Sec. III, the configuration is shown upside down with respect to the actual experimental configuration (the sample actually sits on top of the microstrip line). traces taken below 11 GHz are not shown. The traces taken with the standard sensitivity are shown by the solid lines. One observes a strong fundamental mode (the highest frequency mode) and a number of very small additional peaks at lower applied fields. The low-noise receiver allows us to also take measurements at a much higher sensitivity level of the lock-in amplifier. These data are shown by the dashed line in the figure. The signal of the fundamental mode is clipped in this case, but up to five higher-order absorption peaks become easily resolved. The main observation from this figure is that all these higher-order modes have comparable amplitudes.
III. THEORY A. Resonance peak identification
To proceed further, we need to identify the resonance modes which give rise to the observed absorption peaks. We carry out identification of these modes by performing numerical modeling of resonance fields for this geometry. We use magnetic parameters extracted from the FMR measurements on the reference continuous film. The same original twodimensional model implemented as a MathCAD worksheet as previously employed in Ref. 34 was utilized to conduct these simulations.
Very briefly, the linearised Landau-Lifshitz equation is transformed into a integro-differential operator defined on the cross-section of an individual stripe. The differential part originates from the effective exchange field and the integral part originates from the contribution of the dynamic dipole field of precessing magnetization vector to the total effective dynamic magnetic field. The dynamic dipole field includes self-fields of individual stripes and dipole coupling between individual stripes. (FMR corresponds to the collective magnonic mode with a zero Bloch wave vector.
)
The values of the resonant fields represent eigenvalues of the operator. Discretization of the operator on a rectangular 2D mesh (width times thickness of the stripe) results in a matrix C whose eigenvalues represent the resonant fields H n . Since in our experiment the sample is in the magnetically saturated state, from the whole set of eigenvalues only a small number of positive values are important. These positive eigenvalues correspond to positive resonance fields, i.e., the fields co-aligned to the static magnetization vector. The eigenvalues of the matrix are calculated by using the QR-algorithm built-in into MathCAD software. The mesh step is 5 nm in both in-plane and out-of-plane directions. The simulations are quite fast: it takes 1-2 min to complete a simulation run.
The results of the simulations are in good agreement with the experiment in terms of the number of modes existing in the experimental field range for each particular frequency. In particular, similar to the experimental data in Fig.  2 , for 16 GHz the modeling shows that 6 discrete resonances exist in the positive applied field.
The model also allows us to calculate the mode profiles across the stripe cross-section. The profiles represent vector eigen-functions jm n x ðx; zÞ; m n z ðx; zÞi of the integro-differential operator, where m(x,y) is the amplitude of dynamic magnetization at the point (x,y) on the nanostripe cross-section, and the respective frame of reference is shown in Fig. 1 . In the discrete form, the operator eigen-functions transform into eigenvectors of C. They are calculated using a numerical procedure built-in in MathCAD software.
All the modes for the positive fields seen in the calculation demonstrate almost uniform precession across the stripe thickness. Therefore for the convenience of displaying these profiles, we take the mean values of jm fundamental mode (n ¼ 0) and two higher-order modes (n ¼ 2) and (n ¼ 4) have symmetric profiles and the profiles for modes n ¼ 1, 3, 5 are anti-symmetric. (The slight asymmetry seen for n ¼ 5 is because for convenience we plot either real or imaginary part (whichever is much larger) of the complex mode profile for each vector component. The absolute values of m x and m z are perfectly symmetric or anti-symmetric.)
As
In this expression, DH is the field-resolved resonance linewidth, hm n x ðx; zÞ; m n z ðx; zÞj represents the respective vector eigen-function of the conjugated operator. The object h…j…i denotes a scalar products of two vectors integrated over the area of the stripe cross-section.
We need the eigen-functions of the conjugated problem, since the operator is not Hermitian. Therefore, its eigenfunctions are not orthogonal to each other, but they are orthogonal to ones of the conjugated operator. (The non-Hermitian character of the operator reflects the presence of the crossproduct in the linearized Landau-Lifshitz equation.) In the discrete formulation of the problem, there is no need to construct the conjugated operator and then calculate its eigen-functions. Numerically its eigen-functions are obtained as respective rows of the matrix which is inverse to the one having jm 
where d n;l is Kronecker delta. As shown in Ref. 39 , the transmission coefficient of a microstrip loaded by a sample scales as scalar magnetic susceptibility j. Furthermore, the contribution to the energy E h of the spin system due to its coupling to an external microwave field is
where S is the area of the strip cross-section, and the sum is taken over the set of the modes exiting in the positive applied field. This allows us to define j as
where h ms is the amplitude of the magnetic field of the microwave current in the microstrip line. Here, we used the idea that given the vanishingly small width of an individual magnetic stripe with respect to the width of the microstrip, h ms can be assumed to be spatially uniform and directed perfectly along x.
For insulating continuous magnetic films hðx; zÞ ¼ h ms and j (4) reduces to the mean value hm n x i of P nm n x ðx; zÞ over the stripe cross-section
For continuous films with high electric conductivity of metals this field combines with the Oersted field of eddy currents induced by h ms in the film. The Oersted field is perfectly anti-symmetric across the film thickness and its amplitude at film surfaces equals to h ms . As a result, at the surface facing the microstrip line the total microwave magnetic field which drives magnetization precession is 2h ms . It drops linearly with the distance from the surface such that at the film surface facing away from the microstrip the driving field vanishes. This perfect microwave shielding promotes efficient excitation of anti-symmetric standing wave modes across the film thickness.
25
From the symmetry reason, it is clear that the antisymmetric modes are driven by the anti-symmetric eddy-current field component of the total driving field and the symmetric ones by the spatially uniform component h ms . For a 25 nm-thick continuous permalloy film, the first (anti-symmetric) standing spin wave mode across the film thickness does not exist in a positive applied field for our frequency range. Obviously, the same should be valid for nanostripes as well. This is consistent with our simulations of the modal profiles in Fig. 3 , as stated above all the profiles are quasi-uniform in the z-direction. This implies that one can use the same formula hðx; zÞ ¼ h ms and thus (5) for calculation of the FMR response of the nanopatterned sample. Indeed, the validity of this approach has been proven by the good agreement with the experiment in Ref. 10 .
The result of this calculation is shown in Fig. 4 trace (Panel (a) ). In Fig. 4(b) , we plot dj/dH a in accordance with the differential absorption registered in the field-modulated FMR. One sees good agreement of positions and amplitudes of the simulated absorption peaks for n ¼ 0, 2, 4 with experiments. The peaks corresponding to the modes n ¼ 1, 3, 5 ( Fig. 3) are completely missing in the simulated trace.
This is in agreement with the anti-symmetric character of the latter modes. However, this result is in disagreement with the experiment (Fig. 4(a) ) where absorption peaks are also seen at the field positions consistent with the positions of the theoretical anti-symmetric modes.
B. Eddy current contribution to FMR absorption
In this sub-section, we consider the additional peaks which are seen in the experiment but not seen in the calculation using Eq. (5) (Fig. 4) . Based on the simulated resonance fields they are unambiguously identified as the antisymmetric modes n ¼ 1, 3, 5 (Fig. 3) . We claim that they appear in the absorption spectrum due to contribution from eddy currents in the sample to the microwave driving field. In the following, we support this claim by a simple theoretical model.
The situation is similar to the case of the efficient excitation of anti-symmetric standing spin wave modes across the thickness of a continuous film in a stripline-based FMR 16, 28 which we shortly discussed after Eq. (5) in Sec. III A. It is instructive to give more details of the electrodynamics for the continuous films here before we proceed to the analysis of the nano-patterned materials. The process described after Eq. (5) can be separated in two stages. (i) The spatially uniform microwave magnetic field of the stripline h ms induces a microwave electric field (e y in the frame of reference of the present paper) in the plane of a continuous metallic film with conductivity r. The electric field is generated through electromagnetic induction. Because the film thickness is smaller than the skin depth at microwave frequencies this electric field is uniform across the film thickness. (ii) The microwave current re y driven by this field induces an Oersted field h Oe inside the sample. This field is parallel to h ms and is anti-symmetric across the film thickness as we have already mentioned in Sec. III A. The latter follows just from considering the magnetic field circulation law for the thicknessuniform current density re y .
The amplitude of e y for a non-magnetic film with a sub-skin depth thickness is obtained from a solution of the system of Maxwell equations with appropriate boundary conditions (see Appendix 2 of Ref. 25) . For the magnetic films, one has to solve self-consistently this system of equations together with the linearized Landau-Lifshitz-Gilbert equation. However, given the very weak microwave absorption by the thin metallic films, the field structure resulting from this self-consistent solution is practically the same as for the non-magnetic films. Therefore, in the following we will use the microwave field structure of a non-magnetic sample with the same geometry and the same value of conductivity to analyze the magnetization dynamics driven by the eddy currents in the ferromagnetic sample.
It is not necessary to evaluate e y in order to calculate h Oe . Because of the effect of the perfect microwave shielding the amplitude of h
Oe should be equal to h ms at the film surface facing the microstrip and to Àh ms at the opposite surface. 25 Therefore, from the magnetic field circulation law we have e y ¼ 2h ms =ðrLÞ; (6) (recall that L is the sample thickness). This result is valid for continuous films. Let us now consider nanostripes. The aspect ratio L/w for our stripe array is small (L/w ¼ 0.083). The stripe edge-toedge separation is also relatively small d/w ¼ 0.38. Therefore, the microwave field structure should not be very different from the one for a continuous film with the same L. This idea allows us to assume that e y is uniform over the cross-section of the stripe and is given by the same formula (6) .
If so, we may now calculate the structure of the Oersted field of the eddy current re y by using Biot-Savart Law. This calculation shows that due to the confined geometry, h
Oe has now two components: in plane of the sample h . From the magnetic field circulation law one finds that h Oe x should be anti-symmetric across the stripe thickness and quasi-uniform across its width w. Therefore, this field component cannot contribute to the excitation of the family of modes of quasi-uniform precession across the film thickness (Fig. 3) . For this reason, we would not consider this component in the following.
From the same law, it follows that h Oe z should be quasiuniform across the stripe thickness and anti-symmetric across its width. This is confirmed by the calculation based on the Biot-Savart law. For simplicity, it is convenient to consider the value of h Oe z ðx; zÞ averaged over the stripe thickness: h _ Oe z ðxÞ. This value is given by the following formula:
The cumbersome expression for g(x) is presented in the Appendix. The sum in (7) takes into account that h _ Oe z is the sum of the self-field generated by the eddy current in each particular stripe and of the Oersted fields of the eddy currents flowing through the neighboring stripes. Accounting to this collective character of the Oersted field noticeably reduces the peak values of the field as follows from Fig. 5 . The antisymmetric character of this field is clearly seen from the figure.
We now assume that h(x,z) ¼ jh x (x,z),h z (x,z)i in Eq. (1) has the form hðx; zÞ ¼ jh ms ; h _ Oe z ðxÞi:
Substitution of (7) into (1) and (3) results in the trace for j (Eq. (5)) shown in Fig. 4(b) by the dashed line. One sees very good agreement between the theory and the experiment. This confirms that the additional peaks seen in the experiment are the anti-symmetric modes n ¼ 1, 3, 5 and that they are excited due to the contribution of the eddy current to the microwave driving field.
Note that in both experiment and simulation, the amplitude of the mode n ¼ 1 is smaller that that of n ¼ 2 mode. Interestingly, if we neglect the collective character of the Oersted field and substitute the Oersted self-field (dashed line in Fig. 5 ) into Eq. (8) instead of the full Oersted field (solid line in Fig. 5 ) the amplitude of the n ¼ 1 peak becomes larger than one of the n ¼ 2 peak. This demonstrates that the amplitudes (from the experimental results) for the odd modes are driven by the collective Oersted field of the array. As the profile for the collective field is flatter and its peak amplitudes are smaller, the resulting amplitudes of the odd resonance modes reduce when the collective character of the field is "switched on." Similar simulations were conducted for the other experimental frequencies. The results are in a good agreement with the experimental data (not shown). The FMR responses of the odd modes identified are indicated by the vertical arrows in Fig. 2 .
It is noted that although the obtained formulas do not explicitly include the position of the sample with respect to the source of the microwave field, the form of the field source determines the presence of the eddy current contribution to the FMR amplitudes. Indeed, a non-vanishing electric field e y is induced in a continuous film when the microwave magnetic field h ms is incident on one film surface only. This is the case of the stripline FMR. In the case of the cavity FMR, the microwave magnetic field is incident on both film surfaces. The electric fields induced by the two magnetic fields incident from the opposite film surfaces are in anti-phase and thus cancel each other. As a result, there is no net Oersted field induced in the sample and the sample behaves as an insulating object (compare Figs. 6(a) and 6(b) in Ref. 28) . For this reason, the odd modes n ¼ 1, 3, 5 should not be seen when the FMR measurements are taken with a cavity. Unfortunately, since the higher-order modes appear in a positive field first at the frequencies above 10 GHz, the standard cavity FMR setup operating at 9.5 GHz cannot be used for checking this idea. One needs a cavity which is able to operate above 13 GHz. However, such a cavity is not available in our laboratory.
The only question which still needs to be discussed is why the out-of-plane component h z of the driving field gives such a strong contribution to the FMR response? For continuous metallic ferromagnetic films it is known that due to the strong ellipticity of precession (jm z =m x j ( 1) the contribution of the h z -component to the FMR response is negligible with respect to the one of the in-plane component h x . A priori one may expect the same for nanopatterned materials. However, the latter statement contradicts our theory.
Indeed, from Fig. 3 one sees that although the ellipticity is very large for n ¼ 0 mode, it strongly drops for the higherorder modes. This happens due to the qualitatively different structure of the dipole field for these modes with respect to the fundamental one: n ¼ 0 has no nodes in the profile, but all the other modes have them. The other contribution to the reduction in the ellipticity is the strong exchange contribution to the effective field for n > 0 modes. The small ellipticity of precession makes it possible to efficiently drive these modes by the out-of-plane component h _ Oe z of the total driving field.
IV. CONCLUSION
In this work, we performed high-resolution broadband microstrip FMR measurements of the resonant modes of an array of metallic ferromagnetic nanostripes. The low-noise microwave receiver we employed, enabled us to observe up to five additional weak higher-order peaks in the FMR absorption spectra, apart from the strong signal of the fundamental mode. These higher-order modes have been theoretically identified as odd and even standing spin waves across the direction of confinement in the sample plane (i.e., across the stripe width).
The symmetry consideration tells one, however, that the odd modes should not be excited in the spatially uniform microwave magnetic field of a wide microstripe line used to take these measurements. We have developed a theory which shows that the odd modes become excited because the samples have large conductivity of metals. This promotes excitation of a large-amplitude eddy current in the sample by the incident microwave magnetic field. The induced eddy current due to its type of symmetry efficiently couples to the anti-symmetric modes. As a result, these modes become driven and detected in the FMR experiment.
Following this theory, we found that the eddy current contribution is present only when the microwave magnetic field is incident on one sample surface only. This is the case of a stripline FMR. In the case of a cavity FMR, the microwave field is incident on both sample surfaces. The doubleside incidence should completely suppress generation of the eddy currents and make excitation of the odd modes impossible. Experimental check of the latter theoretical idea requires a cavity operational at higher-than-usual frequencies and is beyond the scope of the current work.
The efficient excitation of both odd and even higherorder modes is also facilitated by a drastic decrease in the magnetization precession ellipticity with an increase in the mode number, as our theory demonstrates. (7)). The stripe edges are located at 6150 nm. The sharp peaks of the solid line at 6265 nm correspond to the nearest edges of the neighbouring stripes.
